Introduction {#sec1}
============

The ERbB or epidermal growth factor (EGF) family of receptor tyrosine kinases (RTKs) is composed of four structurally related members: EGFR/ErbB1/HER, ErbB2/Neu/HER-2, ErbB3/HER3, and ErbB4/HER4.^[@ref1]^ EGF receptor family members are essential in the etiology of numerous tumors, including those of the breast, ovary, lung, colon, nervous system, head and neck, prostate, and pancreas.^[@ref2]^ The EGFR is more commonly studied because it plays an important role in many vital processes such as cell proliferation, DNA damage and repair, and DNA replication and transcriptional regulation.^[@ref3],[@ref4]^

There are currently two types of drugs approved by the Food and Drug Administration (FDA) targeting this family: monoclonal antibodies (such as cetuximab and pertuzumab) and small-molecule inhibitors based on a central 4-aminoarylquinazoline core (gefitinib, erlotinib, lapatinib, and afatinib).^[@ref5]−[@ref7]^

Pyrazoles are heterocyclic compounds and most widely used in the design and synthesis of novel biologically active agents. Pyrazole derivatives display a broad spectrum of biological activities such as antitumor,^[@ref8]^ antibacterial,^[@ref9],[@ref10]^ antifungal,^[@ref11]^ antiviral,^[@ref12]^ antitubercular,^[@ref13],[@ref14]^ antimalarial,^[@ref15]^ antioxidant,^[@ref16]^ anti-inflammatory,^[@ref17]^ and analgesic properties^[@ref18]^ as well as antihyperglycemic activity.^[@ref19]^

Pyrazoles are one of many significant compounds that have been studied and reported for their antitumor activity *in vitro* and *in vivo* against a broad range of cancers. New derivatives of benzimidazole-linked pyrazole synthesized and evaluated for their activities *in vitro* for five human cancer cell lines involving MCF-7, HaCaT, MDA-MB23, HepG2, and A549 have been reported as EGFR receptor inhibitors by Akhtar et al.^[@ref20]^ Furthermore, the activity of 1*H*-pyrazole-1-carboxamide analogues as an EGFR/HER-2 tyrosine kinase inhibitor was evaluated and reported by Tao et al.^[@ref21]^ Tumma et al. reported that 1*H*-pyrazole-1-carbothioamide derivatives showed antiproliferative activity against MCF-7 cell lines as anticancer agents.^[@ref22]^ On the other hand, many computational analyses for pyrazole derivatives have been reported, including quantitative structure--relationship activity (QSAR) and molecular docking studies. Sunayana et al. studied the two-dimensional (2D) and three-dimensional (3D) group-based quantitative structure--activity relationship (G-QSAR) for evaluating the activity of a set of thiazolyl-pyrazole derivatives as EGFR inhibitors using the multiple regression method and *k*-nearest neighbor molecular field analysis (KNN-MFA) and then performed a molecular docking study for these derivatives with EGFR kinase as a receptor.^[@ref23]^

Lv et al. reported the synthesis of two series of pyrazole derivatives 1*H*-pyrazole-1-carbothioamide and thiazolyl-pyrazoline and evaluated their activity as EGFR kinase inhibitors.^[@ref24],[@ref25]^ The importance of 1*H*-pyrazole-1-carbothioamide derivatives lies in their ability to inhibit the kinase activity of EGFR and potential anticancer activities after binding.^[@ref24]^

In this present study, a set of 30 compounds derived from pyrazole containing thiourea skeleton, evaluated as (EGFR) kinase inhibitors, was used to describe 2D-QSAR models developed using a forward selection of partial least-squares (PLS) regression and stepwise multiple linear regression (SW-MLR) methods. New compounds were designed, and their biological activity as EGFR kinase inhibitors was investigated by predicting the 2D-QSAR model. After that, molecular docking of the designed compounds was carried out to investigate their binding pattern with the EGFR kinase protein target.

Results and Discussion {#sec2}
======================

QSAR Results {#sec2.1}
------------

2D-QSAR models were generated in an attempt to determine the effect of structural features of pyrazole derivatives containing thiourea as EGFR kinase inhibitors. The chemical structures of the studied compounds with their EGFR kinase inhibitory activity are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The correlation matrix for nine descriptors and their values used to generate models for [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"} are given in [Tables [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [3](#tbl3){ref-type="other"}, respectively. The methods of partial least-squares (PLS) and multiple linear regression (MLR) were used to perform the 2D-QSAR models by establishing the statistical linear correlation for nine descriptors taken as independent variables and pIC~50~ as the dependent variable of the training data (24 compounds).

###### Chemical Structures and EGFR Inhibitory Activity of 3,5-Diphenyl-4,5-dihydro-1*H*-pyrazole-1-carbothioamide Derivatives C1--C30^[@ref24]^
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  compounds   R~1~        R~2~       EGFR (IC~50~, μM)   compounds   R~1~     R~2~       EGFR (IC~50~, μM)
  ----------- ----------- ---------- ------------------- ----------- -------- ---------- -------------------
  C1          3,4-CH~3~   4-F        0.83                C16         3,4-Cl   4-OH       5.27
  C2          3,4-CH~3~   4-Cl       1.36                C17         3,4-Cl   4-NO~2~    7.78
  C3          3,4-CH~3~   4-Br       2.16                C18         3,4-Cl   2-F        6.56
  C4          3,4-CH~3~   4-CH~3~    0.34                C19         3,4-Cl   2-Cl       7.28
  C5          3,4-CH~3~   4-OCH~3~   0.07                C20         3,4-Cl   2-Br       6.43
  C6          3,4-CH~3~   4-OH       0.13                C21         3,4-Br   4-F        8.92
  C7          3,4-CH~3~   4-NO~2~    3.06                C22         3,4-Br   4-Cl       8.15
  C8          3,4-CH~3~   2-F        5.19                C23         3,4-Br   4-Br       10.06
  C9          3,4-CH~3~   2-Cl       3.87                C24         3,4-Br   4-CH~3~    9.83
  C10         3,4-CH~3~   2-Br       4.21                C25         3,4-Br   4-OCH~3~   8.09
  C11         3,4-Cl      4-F        6.27                C26         3,4-Br   4-OH       11.27
  C12         3,4-Cl      4-Cl       7.32                C27         3,4-Br   4-NO~2~    10.64
  C13         3,4-Cl      4-Br       6.85                C28         3,4-Br   2-F        13.37
  C14         3,4-Cl      4-CH~3~    7.38                C29         3,4-Br   2-Cl       12.26
  C15         3,4-Cl      4-OCH~3~   5.74                C30         3,4-Br   2-Br       10.97

###### Correlation Matrix for Nine Descriptors Used in [Eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"}

                   pIC~50~ (%)   BCUT \_PEOE_2 (%)   density (%)   log *P*~(o/w)~ (%)   BCUT \_SMR_1 (%)   diameter (%)   a_cc (%)   PEOE \_VSA+1 (%)   a_IC (%)   petitjean (%)
  ---------------- ------------- ------------------- ------------- -------------------- ------------------ -------------- ---------- ------------------ ---------- ---------------
  pIC~50~          100                                                                                                                                              
  BCUT_PEOE_2      --93          100                                                                                                                                
  density          --71          70                  100                                                                                                            
  log *P*~(o/w)~   --63          60                  85            100                                                                                              
  BCUT_SMR_1       61            --76                --53          --31                 100                                                                         
  diameter         37            --20                --20          --40                 19                 100                                                      
  a_cc             31            --15                --18          --43                 --17               43             100                                       
  PEOE_VSA+1       27            --6                 --31          --37                 --19               41             78         100                            
  a_IC             19            --11                --16          --51                 5                  72             41         43                 100         
  petitjean        --3           17                  6             10                   --8                31             3          --17               --28       100

###### Values of pIC~50~ and Molecular Descriptors for Training Set and Test Set Compounds[a](#t3fn1){ref-type="table-fn"}

  comp.    IC~50~   BCUT_PEOE_2   density   log *P*~(o/w)~   BCUT_SMR_1   diameter   a_acc   PEOE_VSA+1   a_IC    petitjean
  -------- -------- ------------- --------- ---------------- ------------ ---------- ------- ------------ ------- -----------
  C1       6.08     0.60          0.75      4.52             --0.36       12.00      2.00    43.97        64.79   0.50
  C2       5.87     0.61          0.77      4.96             --0.29       12.00      2.00    43.97        64.79   0.50
  C3       5.66     0.61          0.84      5.17             --0.27       12.00      2.00    43.97        64.79   0.50
  C4^T^    6.47     0.56          0.71      4.67             --0.26       12.00      2.00    43.97        62.51   0.50
  C5       7.15     0.51          0.73      4.32             --0.32       13.00      3.00    65.22        69.43   0.46
  C6       6.89     0.66          0.74      4.06             --0.38       12.00      3.00    52.43        65.95   0.50
  C7       5.51     0.64          0.78      4.30             --0.31       13.00      2.00    48.00        73.21   0.46
  C8       5.28     0.62          0.75      4.52             --0.36       11.00      2.00    43.97        64.79   0.45
  C9^T^    5.41     0.62          0.77      4.96             --0.34       11.00      2.00    43.97        64.79   0.45
  C10      5.37     0.62          0.84      5.16             --0.32       11.00      2.00    43.97        64.79   0.45
  C11      5.20     0.68          0.88      5.11             --0.42       12.00      2.00    53.01        65.75   0.50
  C12      5.14     0.68          0.89      5.55             --0.40       12.00      2.00    53.01        63.00   0.50
  C13^T^   5.16     0.68          0.97      5.75             --0.40       12.00      2.00    53.01        65.75   0.50
  C14      5.13     0.68          0.83      5.25             --0.40       12.00      2.00    53.01        64.58   0.50
  C15      5.24     0.67          0.84      4.91             --0.37       13.00      3.00    74.26        71.29   0.46
  C16      5.24     0.69          0.86      4.65             --0.46       12.00      3.00    61.47        67.26   0.50
  C17^T^   5.11     0.69          0.90      4.89             --0.44       13.00      2.00    57.04        73.73   0.46
  C18      5.18     0.67          0.88      5.11             --0.42       11.00      2.00    53.01        65.75   0.45
  C19      5.13     0.68          0.89      5.55             --0.41       11.00      2.00    53.01        63.00   0.45
  C20      5.19     0.68          0.97      5.75             --0.39       11.00      2.00    53.01        65.75   0.45
  C21      5.04     0.68          1.03      5.52             --0.41       12.00      2.00    43.97        65.75   0.50
  C22      5.08     0.68          1.04      5.96             --0.39       12.00      2.00    43.97        65.75   0.50
  C23      4.99     0.68          1.10      6.17             --0.39       12.00      2.00    43.97        63.00   0.50
  C24      5.00     0.68          0.97      5.67             --0.39       12.00      2.00    43.97        64.58   0.50
  C25^T^   5.09     0.67          0.98      5.32             --0.36       13.00      3.00    65.22        71.29   0.46
  C26      4.95     0.70          1.01      5.06             --0.45       12.00      3.00    52.43        67.26   0.50
  C27      4.97     0.69          1.04      5.30             --0.42       13.00      2.00    48.00        73.73   0.46
  C28      4.87     0.67          1.03      5.52             --0.41       11.00      2.00    43.97        65.75   0.45
  C29^T^   4.91     0.68          1.04      5.96             --0.40       11.00      2.00    43.97        65.75   0.45
  C30      4.95     0.68          1.10      6.16             --0.39       11.00      2.00    43.97        63.00   0.45

T = Test set.

In the partial least-squares (PLS) method, the forward selection was used with descriptors as variables and added one by one in order to obtain the single best improvement of the model.

The best model was selected on the basis of statistical parameters via the observed squared correlation coefficient (*r*^2^ \> 0.6), which is a relative measure of the quality of fit. The cross-validated squared correlation coefficient (*q*^2^) should be high as a good indicator for predicting the power of the QSAR model, and the difference between this and *r*^2^ should not be more than 0.3. The standard error of estimate (SEE \< 0.3) represents an absolute measure of prediction accuracy. Fischer's value (*F*), or the Fisher ratio, reflects the ratio of the variance explained by the model and the variance due to the error in the regression. High values of the *F*-test indicate that the model is statistically significant.^[@ref26]^ The *p* value is the statistical confidence level for evidence for the null hypothesis, which should not exceed more than 0.05 (*p* \< 0.05).

The linear correlation between experimental biological activities (pIC~50~) for 1*H*-pyrazole-1-carbothioamide derivatives as a dependent variable and 2D descriptors (lipophilic, BCUT_PEOE_2, a_acc, and a_IC) as independent variables expressed in the 2D-QSAR model is illustrated belowAnd the other 2D-QSAR model for BCUT_PEOE_2, a_acc, density, and a_IC descriptors is described belowIn the above QSAR equations, *n*~training set~ and *n*~test set~ are the numbers of compounds of the training and test sets used to derive the QSAR model, respectively; *r* is the correlation coefficient of regression for the training set; *r*^2^ is the square of the correlation coefficient of regression for the training set; *q*^2^ is the square of LOO, the cross-validated correlation coefficient; *r*~pred~^2^ is the predicted correlation coefficient for the external test set; RMSE is the root-mean-square error; *F* is the Fisher ratio; *p* is the statistical confidence level; and SEE is the standard error of the estimate. The experimental pIC~50(Exp.)~ values of the data set and their new predicted pIC~50(Pred.)~ values by [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} with residuals are listed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}.

###### Experimental pIC~50(Exp.)~, Predicted pIC~50(Pred.)~, and Residual Values for [Eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2a](#eq2){ref-type="disp-formula"}

                        [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}   [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}          
  -------------- ------ ------------------------------------------------------------------------ ------------------------------------------------------------------------ ------ --------
  C1             6.08   5.85                                                                     0.23                                                                     5.87   0.21
  C2             5.87   5.78                                                                     0.09                                                                     5.79   0.08
  C3             5.66   5.75                                                                     --0.09                                                                   5.75   --0.09
  C4^T^          6.47   6.32                                                                     0.14                                                                     6.33   0.14
  C5             7.15   6.99                                                                     0.16                                                                     6.96   0.19
  C6^outliers^   6.89   5.48                                                                     1.41                                                                     5.52   1.37
  C7             5.51   5.51                                                                     0.00                                                                     5.53   --0.02
  C8             5.28   5.68                                                                     --0.40                                                                   5.70   --0.42
  C9^T^          5.41   5.67                                                                     --0.26                                                                   5.69   --0.28
  C10            5.37   5.67                                                                     --0.30                                                                   5.67   --0.30
  C11            5.20   5.03                                                                     0.17                                                                     5.05   0.15
  C12            5.14   5.01                                                                     0.13                                                                     5.03   0.11
  C13^T^         5.16   5.02                                                                     0.14                                                                     5.02   0.14
  C14            5.13   5.04                                                                     0.09                                                                     5.07   0.06
  C15            5.24   5.36                                                                     --0.12                                                                   5.38   --0.14
  C16            5.27   5.12                                                                     0.12                                                                     5.15   0.09
  C17^T^         5.11   4.97                                                                     0.14                                                                     4.98   0.13
  C18            5.18   5.12                                                                     0.06                                                                     5.13   0.05
  C19            5.13   5.05                                                                     0.08                                                                     5.07   0.06
  C20            5.19   5.04                                                                     0.15                                                                     5.04   0.15
  C21            5.05   5.01                                                                     0.03                                                                     4.99   0.05
  C22            5.08   5.01                                                                     0.07                                                                     4.98   0.10
  C23            4.99   4.99                                                                     0.00                                                                     4.95   0.04
  C24            5.00   5.02                                                                     --0.02                                                                   5.02   --0.02
  C25^T^         5.09   5.34                                                                     --0.25                                                                   5.32   --0.23
  C26            4.95   5.11                                                                     --0.16                                                                   5.09   --0.14
  C27            4.97   4.95                                                                     0.02                                                                     4.93   0.04
  C28            4.87   5.11                                                                     --0.24                                                                   5.08   --0.21
  C29^T^         4.91   5.05                                                                     --0.14                                                                   5.03   --0.12
  C30            4.96   5.03                                                                     --0.08                                                                   4.98   --0.03

T = Test set.

From the standardized residuals of training set compounds shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b, it is observed that compound C6 has higher standardized residual values, more than −2 and +2, as a cutoff value for accepting predictions; therefore, this is an outlier based on the commonly accepted prediction according to the suggestion of Jalali-Heravi and Kyani.^[@ref27]^ Thus, compounds C6 was not considered during the course of obtaining data analysis for [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}. The remaining 23 compounds of the training set showed more satisfactory QSAR models for predicting the biological activity (pIC~50~).

[Equations [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} present four descriptors for each equation correlated with the biological activity (pIC~50~) to indicate that these two predictive equations have good statistical consistency for the training group with high *r*^2^ values ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *r*^2^ = 0.901; [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, *r*^2^ = 0.904). To predict the ability of models as statistically significant by the cross-validated *q*^2^ ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *q*^2^ = 0.784; [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, *q*^2^ = 0.884), the difference between *r*^2^ and *q*^2^ should not be more than 0.3. The value of *q*^2^ is indeed greater than 0.5, which is the essential condition to qualify a QSAR model as valid.^[@ref28]^ To predict the success of both models, each model was applied to the external test set compounds (six compounds); the square of the correlation coefficient *r*~pred~^2^ has been obtained as 0.874 and 0.889 for [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, respectively. These models showed a good fit with values of RMSE less than 0.3 ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, RMSE = 0. 154; [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, RMSE = 0.152), low values of SEE, and *p*-values less than 0.0001. The large calculated *F* values from the created QSAR models are desirable for meaningful regression.

Adjacency matrix descriptors, originally developed by Burden, are in principle based on producing a molecular identification number out of the lowest eigenvalues of a connectivity matrix. After all hydrogens were deleted and the remaining heavy atoms were numbered, the symmetric matrix was established.^[@ref29]^

Pearlman and Smith improved the concept of BCUT descriptors and enlarged it to provide an internally consistent, balanced set of molecular descriptors calculated from the eigenvalues of a modified adjacency matrix.^[@ref30]^

The first term in [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} is BCUT_PEOE_2 (a third BCUT descriptor using PEOE partial charges). PEOE is the method of partial equalization of orbital electronegativities for calculating atomic partial charges in which charge is transferred between bonded atoms until equilibrium.^[@ref31]^ This descriptor has a very high correlation coefficient (−93%) with pIC~50~ and has dominating influence in both equations with a higher negative descriptor contribution (−10.10430 and −10.679). The BCUT_PEOE_2 descriptor is the most outstanding value of the negative contribution with pIC~50~, indicating a strong inverse relationship between them as EGFR kinase inhibitors.

The second term in the above two equations is the a_acc (the number of hydrogen-bond acceptor atoms) descriptor. It is an effective descriptor for the pIC~50~ value of each model with a lower coefficient (31%) and showing a positive contribution (0.21308 and 0.21094). The a_acc descriptor describes polarity for enabling better permeation and absorption, so every increase in the a_acc descriptor value will cause an increase in the pIC~50~ value.

The third descriptor is a_IC (atom information content (total) is calculated as the entropy of the element distribution in the molecule (ICM) multiplied by *n*, where *n* is the sum of the number of occurrences of an atomic number in the molecule) with just a small correlation coefficient (19%) and showing a positive contribution (0.00322 and 0.00302) for each model, meaning that for every change in the a_IC descriptor, the pIC~50~ value will increase.

The fourth term in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is the log *P*~(o/w)~ (log of the octanol/water partition coefficient) descriptor with a correlation coefficient of −63% and negative contribution (−0.00922). In general, a decrease in the log *P*~(o/w)~ value increases the solubility, membrane permeability, and bioavailability of compounds, meaning the increased biological activity of compounds.

However, the fourth term in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is the density (the ratio of the weight to the van der Waals volume). The weight means the amount of a substance, and the van der Waals volume of a molecule describes the space occupied by the atoms. This descriptor is related to the steric bulk and size of the molecule. The density in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} has a high correlation coefficient (−71%) and negative contribution (−0.32127). Therefore, a decrease in the relation between the steric bulk and size leads to an increase in the activity of the compound.

It can be observed that [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is statistically better than [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} because *r*^2^, *q*^2^, and *F* values increase and the RMSE value becomes much less (\<0.3). However, the 2D-QSAR model expressed by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is more acceptable compared to the one by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

The plots of the experimental pIC~50~ values versus their predictions of the training set and test set based on the PLS model ([eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}) are shown in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.
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The stepwise multiple linear regression (stepwise-MLR) method was also performed on the same training set chosen for use in the PLS model to select the significant descriptors from 25 descriptors.The good regression model performed by the stepwise-MLR method for biological activity pIC~50~ as a dependent variable with three adjacency and distance matrix descriptors as independent variables is explained below in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}

In addition to that, the stepwise-MLR model for relating the partial charge descriptor besides two adjacency and distance matrix descriptors as independent variables with biological activity pIC~50~ as a dependent variable is explained below in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}The above two equations are developed for 23 compounds after removing compound C6 as an outlier because it has a higher standardized residual value, greater than +2, as a cutoff value. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d shows the standardized residual values for 24 compounds of the training set.

[Equations [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} show appreciably high values of *r*^2^ ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, *r*^2^ = 0.929; [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, *r*^2^ = 0.943) for three descriptors with validation parameters *q*^2^ of 0.882 and 0.890 together with *r*~pred~^2^ of 0.969 and 0.964, respectively. Acceptable statistical parameter values for RMSE, SEE, *p*-value, and *F* value were obtained for equations.

The first term in MLS models that has dominating influence on both [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} is BCUT_PEOE_2 (a third BCUT descriptor using PEOE partial charges), as in previous PLS models in [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}. This descriptor here has a great effect as well as a high correlation coefficient (−93%) with pIC~50~ and dominating influence on both [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} with a higher negative contribution (−12.39 and −10.80). The BCUT_PEOE_2 descriptor has the most prominent negative contribution value that affected the value of pIC~50~, meaning that there is a strong inverse relationship between them as described in the PLS models above.

BCUT_SMR_1 is the second term in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} with a negative coefficient (−2.56604) similar to the BCUT_PEOE_2 descriptor and has a moderate correlation influence (61%) with pIC~50~. BCUT_SMR_1 is a BCUT descriptor using the atomic contribution to molar refractivity instead of partial charge.

The diameter and petitjean are descriptors for the distance matrix for graphs that were described by Petitjean; these are calculated as the largest value in the distance matrix and the difference between the diameter and radius divided by the diameter, respectively.^[@ref32]^

The diameter (the largest value in the distance matrix) is the third term in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} with a little influence on the correlation coefficient (25%) with pIC~50~ and a low positive influence on the model (0.14).

Petitjean (the value of the difference between the diameter and radius divided by the diameter using the distance matrix) is the second term in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} with just a small correlation coefficient (17%) with pIC~50~ and a positive contribution (3.95).

It is noted that both BCUT_PEOE_2 and BCUT_SMR_1 (BCUT descriptors) are inversely related to pIC~50~, while the diameter and petitjean (distance matrix descriptors) have a direct relationship.

PEOE_VSA+1 is the third term in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} with a low positive contribution influence on the model (0.015) and just a small correlation coefficient (17%). The PEOE_VSA+1 descriptor is defined as a total positive 1 of the van der Waals surface areas using PEOE partial charges in rang (0.05, 0.1). This descriptor has shown a direct relationship with the value of pIC~50~. The experimental pIC~50(Exp.)~ values of the data set and their new predicted pIC~50~ values by [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} with residuals are listed in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}.

###### Experimental pIC~50(Exp.)~, Predicted pIC~50(Pred.)~, and Residual Values for [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4a](#eq4){ref-type="disp-formula"}

                        [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}   [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}          
  -------------- ------ ------------------------------------------------------------------------ ------------------------------------------------------------------------ ------ --------
  C1             6.08   5.97                                                                     0.11                                                                     5.77   0.31
  C2             5.87   5.70                                                                     0.17                                                                     5.87   0.00
  C3             5.66   5.62                                                                     0.04                                                                     5.77   --0.11
  C4^T^          6.47   6.30                                                                     0.16                                                                     7.52   --1.05
  C5             7.15   7.10                                                                     0.05                                                                     7.02   0.13
  C6^Outliers^   6.89   5.30                                                                     1.59                                                                     6.05   0.84
  C7             5.51   5.55                                                                     --0.04                                                                   5.59   --0.08
  C8             5.28   5.62                                                                     --0.34                                                                   5.77   --0.49
  C9^T^          5.41   5.56                                                                     --0.15                                                                   5.87   --0.46
  C10            5.37   5.52                                                                     --0.15                                                                   5.77   --0.40
  C11            5.20   5.14                                                                     0.06                                                                     5.23   --0.03
  C12            5.14   5.09                                                                     0.05                                                                     5.14   0.00
  C13^T^         5.16   5.09                                                                     0.07                                                                     5.23   --0.07
  C14            5.13   5.11                                                                     0.02                                                                     5.18   --0.05
  C15            5.24   5.26                                                                     --0.02                                                                   5.12   0.12
  C16            5.27   5.09                                                                     0.15                                                                     5.17   0.07
  C17^T^         5.11   5.23                                                                     --0.12                                                                   5.19   --0.08
  C18            5.18   5.11                                                                     0.07                                                                     5.23   --0.05
  C19            5.13   5.01                                                                     0.12                                                                     5.14   --0.01
  C20            5.19   4.95                                                                     0.24                                                                     5.23   --0.04
  C21            5.05   5.09                                                                     --0.05                                                                   5.02   0.02
  C22            5.08   5.03                                                                     0.05                                                                     5.13   --0.05
  C23            4.99   5.03                                                                     --0.04                                                                   4.83   0.16
  C24            5.00   5.05                                                                     --0.05                                                                   4.97   0.03
  C25^T^         5.09   5.22                                                                     --0.13                                                                   4.91   0.18
  C26            4.95   5.04                                                                     --0.09                                                                   4.96   --0.01
  C27            4.97   5.17                                                                     --0.20                                                                   4.98   --0.01
  C28            4.87   5.06                                                                     --0.19                                                                   5.02   --0.15
  C29^T^         4.91   4.98                                                                     --0.07                                                                   5.13   --0.22
  C30            4.96   4.94                                                                     0.01                                                                     4.83   0.12

T = Test set.

The 2D-QSAR model expressed by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} is more acceptable for predictability compared to the one by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} due to the increased importance of *r*^2^, *q*^2^, *r*~pred~^2^, and *F* and decreased values of RMSE, being much less (\<0.3).

The plots of experimental pIC~50~ values versus their predictions of the training set and test set based on the stepwise-MLR model ([eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}) are shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, respectively.

![Plot of the predicted training set and test set versus experimental pIC~50~ values for [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.](ao0c01323_0006){#fig3}

![Plot of the predicted training set and test set versus experimental pIC~50~ values for [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.](ao0c01323_0007){#fig4}

Among these four statistical models, stepwise multiple linear regression (stepwise-MLR) has shown an encouraging result as compared to other partial least-squares (PLS) regression methods.

In general, from this 2D-QSAR study, it was observed that the most active compounds C1, C4, and C5 have very clear smaller values for BCUT, density, and log* P*~(o/w)~ descriptors, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. In other words, there is a strong inverse relationship between these descriptors and biological activity values, especially BCUT_PEOE_2 that has a strong inverse relationship.

There is a direct relationship between a_IC, a_acc, PEOE_VSA+1, diameter, and petitjean descriptors and biological activity values of these compounds with their different correlation coefficients.

Therefore, these nine descriptors may be able to predict and explain the efficacy of 1*H*-pyrazole-1-carbothioamide derivatives as EGFR kinase inhibitors.

Defining the Model Applicability Domain {#sec3}
=======================================

The applicability domain is an important tool for reliable applications of QSAR models, and the characterization of interpolation space is significant for defining the applicability domain.^[@ref33]^

In this work, we used the method developed by Roy et al.^[@ref34]^ for the determination of the applicability domain (AD). The leveraged approach allows the determination of the position of a new chemical in the QSAR model, *i.e*., whether the new chemical will lie within the structural model domain or outside of it. Furthermore, the applicability domain was determined for all QSAR models by the leverage approach, along with the Williams plot.^[@ref35]^

The leverage *h*~*i*~ for each compound was used in the QSAR model to construct the Williams plot, and the warning leverage (*h*\*) was determined as^[@ref36]^where *n* is the number of training compounds and *p* is the number of predictor variables.

The defined applicability domain (AD) was then visualized via the Williams plot, the plot of the standardized residuals versus the leverage values (*h*). A compound with *h*~*i*~ \> *h*\* seriously influences the regression performance and may be excluded from the applicability domain, but it does not appear to be an outlier because its standardized residual may be small.

The Williams plot of the standardized residuals against the leverages is illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The warning leverage (*h*\*) was found to be 0.62 for the developed 2D-QSAR models of [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} that were expressed by the PLS method. Compound C5 has a higher leverage value than *h\** and is considered to be outside of the defined AD for [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}. The warning leverage (*h*\*) of models expressed by the stepwise-MLR method was found to be 0.5. Based on the leverages (*h*\* \> 0.5), compound C5 here was also found to be outside of the defined AD for both [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}. So, this compound C5 with *h*~*i*~ \> *h*\* affects the goodness of models ([eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[4](#eq4){ref-type="disp-formula"}) but it does not appear to be an outlier because its standardized residual is small.

![Williams plot of standardized residuals versus leverage values for [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (a), [eq 2](#eq2){ref-type="disp-formula"}(b), [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} (c), and [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} (d).](ao0c01323_0008){#fig5}

Design of New (EGFR) Kinase Inhibitors {#sec4}
======================================

Lv et al. observed that the most potency of compounds contained strong electron-donating substituents on II-ring at 4-position, which were explained by the order of potency OH \> OCH~3~ \> CH~3~. Among them, compound C5 presented the most potent EGFR inhibitory activity with IC~50~ of 0.07 μM, which was comparable to erlotinib (IC~50~ = 0.03 μM).^[@ref24]^

Based on the above observation, a number of new compounds were designed containing multiple combinations of electron-donating substituents on II-ring at 4-position and multiple combinations of electron-donating and withdrawing substituents on I-ring at 4-position or 3,4-position. The new designed compounds listed in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"} were evaluated as EGFR kinase inhibitors by the best acceptable prediction equation ([eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}).

###### Structures of Designed 3,5-Diphenyl-4,5-dihydro-1*H*-pyrazole-1-carbothioamide Derivatives with Their Predicted pIC~50~ and BCUT_PEOE_2 Values

![](ao0c01323_0014){#fx2}

  compounds   R~1~        R~2~                       pIC~50~ (predicted)   BCUT_PEOE_2
  ----------- ----------- -------------------------- --------------------- -------------
  1           H           4-N(CH~3~)~2~              5.28                  0.67
  2           4-NH~2~     4-N(CH~3~)~2~              5.21                  0.66
  3           4-Br        4-N(CH~3~)~2~              5.13                  0.67
  4           4-NO~2~     4-N(CH~3~)~2~              6.49                  0.58
  5           3,4-CH~3~   4-N(CH~3~)~2~              7.68                  0.42
  6           3,4-Cl      4-N(CH~3~)~2~              5.23                  0.66
  7           3,4-Br      4-N(CH~3~)~2~              5.08                  0.66
  8           4-NO~2~     4-N(CH~2~CH~3~)~2~         5.30                  0.66
  9           3,4-CH~3~   4-N(CH~2~CH~3~)~2~         8.10                  0.40
  10          3,4-CH~3~   4-CH(OCH~2~CH~3~)~2~       8.39                  0.39
  11          3,4-CH~3~   4-O(CH~2~)~3~N(CH~3~)~2~   8.24                  0.42

Four compounds from eleven designed compounds have better-predicted activity than the most active compound in the data series (C5, pIC~50~ = 7.15).

The high predicted activity of these compounds may be explained by electron-donating substituents present in two rings, leading to an increase in potency of 1*H*-pyrazole-1-carbothioamide derivatives as EGFR inhibitors. Additionally, it is observed that new compounds were designed to have low values for the dominant BCUT_PEOE_2 descriptor; this confirms the above observation that there is a strong inverse relationship between this descriptor and pIC~50~. The newly designed compound 10 has the best predicted pIC~50~ value with the BCUT_PEOE_2 value smaller than the others.

Molecular Docking Results {#sec5}
=========================

Computer-aided drug design (CADD) methods have played an essential role in the discovery and design of new drug molecules in the past three decades.^[@ref37]^ Molecular docking used in structure-based drug design (SBDD) is the most important technique in CADD due to its efficiency to predict the conformation of ligands within the suitable target-binding site with a considerable degree of accuracy.^[@ref38]^

This molecular docking study was executed over the selected protein from the protein data bank (PDB ID: 4hjo). The cocrystal structure of the EGFR kinase protein with the erlotinib ligand in the active site is illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Three-dimensional structure of the protein (PDB ID: 4hjo) with the binding site pocket of EGFR kinase.](ao0c01323_0009){#fig6}

The active pocket consisted of amino acid residues such as Asp831, Lys721, Thr830, Thr766, Gln767, Cys773, Gly772, Leu820, Leu794, Leu768, Met769, Pro770, Leu694, Phe771, Ala719, and Val702, which play fundamental roles by forming H-bonds and hydrophobic interactions. The docking for erlotinib was performed with its complex cocrystallized protein to validate the binding energy of ligand--protein interactions. The validation results showed a binding energy of −20.498 kcal/mol for erlotinib and a root-mean-square deviation (RMSD) value between 1.8 and 3.0 Å, indicating that this cocrystallized protein can be used for docking studies of other ligands.

The docking studies for these four designed compounds having high predicted activities were conducted along with C5, which has high experimental activity. Compounds 5, 9, 10, 11, and C5 exhibited binding energies of −20.289, −21.866, −20.976, −18.146, and −18.166 kcal/mol, respectively. Additionally, the lengths of hydrogen bonds formed between ligands and amino acids of the active receptor pocket within the range \<3 Å (2.11--2.65 Å) are listed in [Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"}.

###### Interactions Data and Binding Free Energies for Investigated Ligands with the Active Site of the Receptor (EGFR) Kinase (4hjo)

  compounds   free binding energy, S   type of bond interacted   interaction group                  amino acid interacted   length (Å)
  ----------- ------------------------ ------------------------- ---------------------------------- ----------------------- ------------
  erlotinib   --20.498                 H-bond                    N of the quinazoline ring          Met769                  2.24
  C5          --18.166                 H-bond                    H--N of the carbothioamide group   Asp831                  2.23
  5           --20.289                 H-bond                    H--N of the carbothioamide group   Arg817                  2.30
  9           --21.866                 H-bond                    H--N of the carbothioamide group   Arg817                  2.34
  10          --20.976                 H-bond                    O of the OCH~2~CH~3~ group         Lys704                  2.13
                                       H-bond                    O of the OCH~2~CH~3~ group         Lys692                  2.65
                                       H-bond                    H--N of the carbothioamide group   Cys773                  2.56
  11          --18.146                 H-bond                    H--N of the carbothioamide group   Arg817                  2.41

Three ligands 5, 9, and 11 showed a similar interaction with one of the side pocket Arg817 residues formed by strong hydrogen bonding between H--N of the carbothioamide group and O=C of the carbonyl group in the amino acid, as shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}--[9](#fig9){ref-type="fig"} (H-bond interactions are shown as blue dashed lines). Also shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} is ligand 10 interaction with a different mode, by forming three strong hydrogen-bond interactions with two amino acids Lys704 and Lys692 in the side pocket and the third amino acid Cys773 of the essential active site, which may explain the increase of high predicted activity of the designed ligand.

![2D and 3D molecular interaction visualizations of ligand 5 with the active site of 4hjo.](ao0c01323_0010){#fig7}

![2D and 3D molecular interaction visualizations of ligand 9 with the active site of 4hjo.](ao0c01323_0011){#fig8}

![2D and 3D molecular interaction visualizations of ligand 11 with the active site of 4hjo.](ao0c01323_0012){#fig9}

![2D and 3D molecular interaction visualizations of ligand 10 with the active site of 4hjo.](ao0c01323_0002){#fig10}

Moreover, C5 showed an interaction with Asp831 in the side pocket by one hydrogen bond, as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. In comparison to erlotinib, as a reference in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, there is one hydrogen-bond interaction with Met769 in the essential active site.

![2D and 3D molecular interaction visualizations of C5 with the active site of 4hjo.](ao0c01323_0003){#fig11}

![2D and 3D molecular interaction visualizations of erlotinib with the active site of 4hjo.](ao0c01323_0004){#fig12}

These results clearly reveal that the interactions of the reference ligand and C5 are mostly the same as those observed in the four designed ligand complexes with the protein. These results indicate that 5, 9, 10, and 11 ligands act as selective inhibitors against EGFR kinase activity.

Conclusions {#sec6}
===========

A quantitative analysis of the structure--activity relationship (QSAR) was performed on a data set of 30 compounds of pyrazole derivatives containing a thiourea inhibitor of EGFR kinases. The 2D-QSAR model for a series was established using the partial least-squares (PLS) and stepwise multiple linear regression (SW-MLR) methods that yielded a regression model with improved predictive power. The results from the models suggested that descriptors including the atom count and bond count descriptors, lipophilic descriptor, adjacency distance matrix descriptors, and partial charge are the most important descriptors to explain the activity of the studied compounds. There is a reverse relationship between BCUT_PEOE_2, density, log* P*~(o/w)~, and PEOE_VSA+1 descriptors for pyrazole-1-carbothioamide derivatives and the biological activity for EGFR kinase inhibitors as anticancer agents, especially the BCUT_PEOE_2 descriptor that has a strong reverse relationship with the biological activity, whereas the relationship is indirect with descriptors a_IC, a_acc, BCUT_SMR_1, diameter, and petitjean.

The accuracy and predictability of the proposed models were demonstrated by various criteria, including cross-validation, external evaluation, the root-mean-square error (RMSE), warning leverage, and Williams plot within the applicability domain. All of these results proved the good statistical parameters of models to predict the activity for the development of new EGFR kinase inhibitor compounds as anticancer agents. The result of the developed 2D-QSAR model expressed by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} was used to predict the biological activity (pIC~50~) of newly designed pyrazole derivatives containing thiourea as the EGFR kinase inhibitors.

The result showed that the four designed ligands 5, 9, 10, and 11 can be potential inhibitors of the EGFR kinase protein. The ligands have lower binding energies and more molecular interactions with pockets. The result indicates that computer-aided drug design (CADD) can be an important discovery method for developing a new drug for various diseases.

Finally, we conclude that the most potent derivatives resulted in this study can be subjected to synthesis and pharmacological evaluations to develop highly potent (EGFR) kinase inhibitors as anticancer agents.

Experimental Section {#sec7}
====================

Data Sets {#sec7.1}
---------

A group of 30 1*H*-pyrazole-1-carbothioamide derivatives synthesized and evaluated as EGFR inhibitors by Lv et al.^[@ref24]^ was used to carry out the 2D-QSAR study. The structures of 1*H*-pyrazole-1-carbothioamide derivatives with their biological activity are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For the development of the 2D-QSAR model, this data set of compounds was manually divided into a training set (24 compounds) to create the model and a test set (6 compounds) for external validation of the predictive ability of the model.

The biological activities of these studied derivatives expressed in terms of IC~50~ (μM; the half-maximal inhibitory concentration) were converted to the logarithmic scale pIC~50~ \[pIC~50~ = log 1/IC~50~ (μM)\] and used as dependent variables in the 2D-QSAR model.

2D-QSAR Model {#sec7.2}
-------------

The geometry of the compounds was built with ACD/Labs 2018 (freeware v 14.00) and saved in .mol file format. Saved files were opened by MOE (Molecular Operating Environment---MOE 2009); to minimize their energy, a set of 185 2D descriptors for various types were selected (physical, atom count, and bond count, the Kier and Hall kappa molecular shape indices, the adjacency and distance matrices, pharmacophore features, and partial charge descriptors) based on atoms and connection information on structures of 3,5-diphenyl-4,5-dihydro-1*H*-pyrazole-1-carbothioamide derivatives. These descriptors were checked for the presence of constant or zero values to remove. The remaining descriptors for different types were reduced by eliminating the redundancy existing for descriptors, and the descriptors with a higher correlation with pIC~50~ were kept in the descriptor data matrix. In the partial least-squares (PLS) method, by forwarding selection, the various selected descriptors were correlated with the biological activity to allow the construction equations to be added one at a time.

The first descriptor having the highest correlation with the biological activity was included in the regression model, and then other new descriptors were progressively added to the model. Thus, the optimal model should be with the minimum number of descriptors to avoid overfitting of the model. Good fitting models with high squared correlation coefficient (*r*^2^ \> 0.6) were performed by the best five remaining descriptors: the third BCUT descriptor using PEOE partial charges (BCUT_PEOE_2) is one of the BCUT descriptors calculated by Pearlman et al. from the eigenvalues of a modified adjacency matrix;^[@ref30]^ the log *P* octanol/water partition coefficient (log *P*~(o/w)~) is expressed by the logarithm of the *n*-octanol/water partition coefficient; the atom information content (total) (a_IC) is calculated as the atom information content (mean) (a_ICM) multiplied by *n*, where a_ICM is the entropy of the element distributed in the molecule, including implicit hydrogens but not lone pair pseudoatoms and *n* is the sum of the number of occurrences of an atomic number in the molecule; the number of H-bond acceptor atoms (a-acc); and the mass density (density) is the ratio of the weight to the van der Waals volume.

The stepwise multiple linear regression (SW-MLR) method was performed by the IBM SPSS statistics 23 software (version 23.0; SPSS Inc., Chicago, IL) to determine the relationship between these 25 remaining descriptors as independent variables and the biological activity of the compounds of the training set as an independent variable. To make sure that each descriptor is statistically significant in the model, these were determined by the hypothetical calculation of the *p*-value (sig) of the statistical confidence level (*p* \< 0.05). The suitable descriptors were performed using SW-MLR models with *r*^2^ \> 0.6, including the third BCUT descriptor using PEOE partial charges (BCUT_PEOE_2), the molar refractivity BCUT (1/3) (BCUT_SMR_1) as the second BCUT descriptor using the atomic contribution to molar refractivity instead of partial charge, (PEOE_VSA+1) as the sum of van der Waals surface area with PEOE partial charge in the range (0.05, 0.10), (diameter) as the largest value in the distance matrix, and (petitjean) as the distance matrix and the difference between the diameter and radius divided by the diameter defined by Petitjean.^[@ref32]^

Validation of the QSAR Model {#sec7.3}
----------------------------

The QSAR model generated the "leave-one-out" (LOO) cross-validation scheme that was used to evaluate the predictive ability. From the LOO cross-validation procedure, the square of the cross-validation coefficient (*q*^2^) was obtained, which was used as a criterion to evaluate both the robustness and the predictive ability of the model generated.^[@ref39]^

The predictive ability of the model was evaluated by dependent variables of an external test set of six compounds that were not used for building the model.

Modeling of 1*H*-Pyrazole-1-carbothioamide Derivatives {#sec7.4}
------------------------------------------------------

About 35 1*H*-pyrazole-1-carbothioamide derivatives were designed according to structural templates of substituents in 3,4-positions of phenyl rings. All 11 new derivatives were selected to have a log* P* value less than 5, molecular weight less than 500, hydrogen-bond acceptors less than ten, and hydrogen-bond donors less than five. ACD/Labs 2018 (freeware v 14.00) was used to sketch these new compounds and saved in the .mol format. All .mol formats were opened by MOE 2009.10 software and energy-minimized, and the (fit) format of [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} was used to predict the biological activity of new 1*H*-pyrazole-1-carbothioamide derivatives in terms of pIC~50~, as shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}.

Molecular Docking {#sec7.5}
-----------------

The receptor (EGFR) tyrosine kinase binding with erlotinib used in this study was downloaded from the protein data bank (RCSB-PDB) website (<http://www.rcsb.org/pdb/home/home.do>) with the PDB ID 4hjo.

The 3D structure of the receptor protein was prepared using the MOE program according to the following steps. The first step is protonation with the "Protonate 3D" feature to add the hydrogen atoms into the crystal structure, partial-charged, and energy-minimized, respectively. Other parameters were adjusted by the MMFF94x force field, and finally, the output files were saved in .moe file format to be ready for the docking process.

The 2D structure of ligands was built with ACD/Labs 2018 (freeware v 14.00) and saved in the .mol file format. The database of ligands was made by the MOE database viewer in the MDB file format.

The molecular docking simulation process was performed with the "Dock" feature in the MOE program. The placement method of "Triangle Matcher" was used with a repetition of energy readings per 1,000,000 positions, "London dG" was used as the Rescoring 1 function with the repetition population of 1000, refinement was used as the force field, the first repetition was counted ten times, and the second set shows only one best result of 100 repetitions. After this, the Gibbs free energy (Δ*G* binding) value and hydrogen-bond interactions of ligands with amino acids were observed and analyzed to determine the best ligand.^[@ref40]^[Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"} presents all information about binding free energies and interactions for ligands.
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